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Inference of Equatorial Field-Line-Integrated
Electron Density Yalues Using Whistlers

D. Anderson
Air Force Geophysics Lab,, Banscom Air Poroe Base, MA 0173’
P. M. Kintper and M. C. Kelley
School of Electrical Engineering, Cornell University, Ithaca, NY 14853
Abstract. The nighttime electron density integrated along a magnetic field
line at very small L-values (L & 1.06) 4s inferred by comparing whistler
dispersions measured from s sounding rock;t with model 4ionospteric
calculations, At a local time of 0500 LT, the electron density in the P-layer
valley vas found to be about 1 x 103/cm3. We suggest that this technique can
be applied to earlier times in the local ovouu to determine ionospheric

conditions which benefit the growth of low latitude plasma instabilities,
Introduction

During the post sunset period the equatorial ionosphere is known to be
turbulent over scale sizes from tens of kilometers to tens of centimeters. The
turbulence (equatorial spread-F) is believod-t.o originate at long wavelengths
through an interchange process, such as the Rayleigh-Taylor instability or the
ExB drift instadbility., 1In brief, a plasma depletion develops at the bottox of
the F-lgyer which rises like a bubble through the PF-region. Many of the long
wavelength properties can be simulated using two dimensional models (Ossakow,
1981) which peglect variations along the field line. VNopetheless, the proocess
is knovn to be three dinensional. ALTAIR radar measurements show dramatically
that the plamma depletions fully extend along magnetic lines (Tsunoda, 1980).
Ino sddition, the field line integrated paraxeters such as Pedersen oconduotivity

anéd electron content are important in determining the ipstability growth rates
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(Anderson and Haerendel, 1979). On the other hand, it is very difficult to
measure the electron density delow tbe dense F-region. 1In this paper we apply
ap old technique (measuring whistler dispersion) to validate model calculations
of equatorial field line integrated electron densities. Ve also suggest that
measuring whistler dispersion at appropriate local times may be useful in
determining whether or not ambient ionospheric conditions exist which benefit
the growth of low latitude plasma instabilities.

VLF wvaves below the electron grofnquency- propagate dispersively. For
oonditions at the eguatorial ionosphere the local dispersion is proportional to

. the square root of electron density and the total dispersion is proportional to

the integrated sguare root of electron density along the group path. Our
approach will be to compare observed whistler dispersion obaracteristics to
.thru dimensional models of the equatorial ionosphere (Anderson, 1381) and to ®
show that we mot only can verify the model but can additionmally dounine the
eleotron density within the F-layer valley. Unfortunately the local time of
these particular measurements is at 0500 LT which limits their Smportance to
spread-F theories. However the technique does pot appear to h'umitive to

local time and it could easily be applied in the post sunset period.
Experiment Description

A Taurus-Topahawk sounding rocket (38.010) was launched from Punta Lobos, o -

Peru on March 21, 1983 at 9:53:30 UT to a saximum altitude of 427 km. Its %—l_

primary mission was to study the critical wvelooity effect using a barium shaped

. _'A;A_.'_.'_'-:,'.l

charge. In addition to the chemical releass tbe payload contained a YLF

electric field experiment which sensed potential fluctuations between two———9._ _

spheres separated by 3 meters. The launch point was about 20 km south of the C—;d;s

1/or
pagnetic dip equetor and the payload traveled to tho west., To & good)
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spproximstion the payload was close to the dip equator during the entire
flight,

A sketch of the relation between the payload and the squatorial magnetic
field 18 shown in Pigure 1. The payload is approximstely oentered along the
field lipe Intersecting the payload. JNow suppose that a lightning stroke
occurs at one end of the field line which finitfates a whistler. If we make the
important assumption that the whistler propagates parallel to the magnetic
field, then we expect the rocket to see a series of whistlers, each with
progressively more dispersion. The first whistler trace will have dispersion
associated with the sgquare root of electron density integrated along 1/2 of the
field line, htho second trace will be associated with 3/2 of a field line, the
third trace will be associated with 5/2 of a field line, etc. We should
empLasize that there 18 no a priori reason to expect whistier propagation
parallel to the sagnetio field but the observation of a pultiple hop whistler
showing dispersion with the ratios 1/2, 3/2, 5/2, etc. would be strong evidenoe
in favor of parallel or ducted propsgation, The propagation of low latitude
whistlers has besn reviewed by Hayakawa and Tanka (1978) who concluded that
sultiple-hop whistler trains are rarely observed from ground stations for
nighttime low latitude conditions altbhough they may de more commonly seen from
in situ observations.

An exarple of one of nine sultiple-hop whistlers observed during the 10
iinute flight 4s shown in Figure 2, This emmple oocurred at 365 lm altitude
during the upleg. The whistler clearly shows five traces and a aixth is
observable ip the rav data. The dispersions for the first five traces are 1.8,
16, 30, 37, 5% sec!/2 which nearly matches the expected ratio 1/2, 3/2, 5/2,
7/2, 9/2. The dispersion along the field lime may be calculated by dividing
the expected ratio into the observed dispersion and then averaging. The result

lala 8.4 -Al
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for the dispersion along obe full length of the field 1ine gs 10.8 sec!/2,
This proocedure bas been applied to 8 other multiple hop whistlers and the
estimated dispersions are showd in Figure 5 as x's. At 425 k» altitude,
oorresponding to L = 1,066, the typical éispersion is 11 sec'/2, This value
agrees Quite well with ground station observations during the 0000-0700 LT
period (Bayakawa and Tanaka, 1978).

For path lengths greater than 1/2, the whistler trace in Figure 2 has a
missing band between 325 Hz and 425 Hr, We believe that the missing dand was
caused by at;enuat:lon near the two ion crossover frequency (Smith and Brioe,
196%) for a mixture of B* and 0O* or bheavier ions. The two ion crosasover
frequency is given by fy = fcgp,(Nge/N ¢ Nge/16K) for O* where Nge ¢« Nge = N,
Since we expect that Np+ << Npo+, the second term can be neglected and fy =
No+/Nfcg+. The B* cyclotron frequency at 325 km altitude on the dip equator is
3480 BRz. This sets the low frequency boundary of the missing band and suggests
that the local B* plasma density is about 5% of the total density. 4s the
vhistler propagates dowmiard and avay from the dip equator, the crossover
frequercy increases until the whistler reaches the foot of the field line. The
B* cyclotron frequency at the foot of the field line (125 im altitude) is 451

Bz which also suggests an B* contribution to the total density of about 5%.

Model Calculations

The measured vhistler dispersion yields an electron density averaged along
the propagation path. To interpret this result we have employed an jonospheric
podel, To calculate electron densities as a function of altitude, latitude and
local time, tbe time-dependent fon (0®) contipuity equation is solved
pumerically. Tbis equation is given by

Wev . NV =P -1y m
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vbere Ni (= Ng) is the ion density; Py, the ion production rate; Ly, the ion
loss rate; and V4, the ion transport velocity. Solving equation (1) at low
latitudes necessitates transforming the independent coordiates r, 6 and ¢ to a
coordiate system parallel and perpendicular to B (Anderson, 1973a,b). The set
of coefficients for the fon continuity equation i3 obdtained from models of the
neutral composition, ion and electron tezperatures and production, loss and
diffusion rates as well as E x B drift and neutral winds. Briefly, the models
are as follows: .

1) Tbe MSIS neutral atmospheric model (Bedin et al., 1977) is used to
calculate Np, O, and O densities and the neutral tesperature as a function of
altitude, latitude and local time,

2) Production, loss and diffusion riten are similar to- those used by
Anderson (1973b). For the photolonization ooefficient at the top of the
ataosphere, P, a value of 6.0 x 10~-Tsec-! is chosen to represent March 20-21,
1983 conditions, Electron and ifon temperatures are obtained from equinox,
moderate solar activity measurements at Jicamarca (March, 1969).

3) Ibclusion of the vertical E x B drift veloeity first obdserved by
Woodman (1970) and studied ip detail by Fejer ot al. (1979) is essential in
producing and maintaining electron density distridutions observed near the
magnetic equator, Figure 3 displays an E x B drift model appropriate for solar
saxripum conditions. For the March 20-21 simulation the vertical drift velocity
pictured in Pigure 3 was sultiplied by 0.8 between 1600-'2000 LT and by 1.25
between 0200-0500 LT,

d) The asssumed peridional ocomponent of the peutral wind, taken from
Anderson and Kloduchar (1983) 4s poleward during the day, reaches a maxisum
velocity of 70 m/sec at 1700 LT st & 459 1at. and s symsetric sbout the

geographic equator. The wind becomes equatorvard at 1915 LT and reaches a




maxisum velocity of 85 ma/sec at 2300 LT. The zonal winé component is peglected
. because the magnetic field declination is mmall st Jicamarca longitudes.
: Calculated electron density values as a function of altitude at the

magnetic equator are 4llustrated in Pigure A and ocompared to ground
I . observations. In the early morning (0200 LT) the Jicamarca radar observatory
. sade a series of density measuresents as a function of altitude which showed

the F-region peak at about 350 km altitude compared to the modsl prediction of
= 300 km. KNonetheless the overall profile and absolute values agree well with
the model. At 0500 LT, the time of the sounding rocket flight, the only
donospheric electron density measurement available was the value of foF, from
Huancayo. The altitude of foF2 was 270 km in agreement with the model vhile
the model electron density was slightly ssaller tham the ionosonde

seasuresents. On board the payload was s Larngmuir wobd"umtlvo to the

relative electron density; it indicated thet f,F, was betwesn 280 km and 260
km. The electron density model at 0500 LT is used in the calculations that
follow.

F The time-dependent continuity equation is sclved numerically along a
= nmmbder of geomagnetic field lines in order to calculate electron densities up

to an altitude of 1000 km over the magpnetic esquator. At each point on the

P. field 1ine where electron density is calculated we also calculate the local ‘”j
plasas frequency, fp, given by Jeo.s x l.(e:L/l5 i fey the electron

gyrofrequency, and the whistler group velocity given by iA'f‘,1

T
¢ ofF (g0 ]
V 2=
8 g _fpf.

where ¢ 1is the apeed of light. To f£ind the period, T, for a whistler wave to
travel fros one end of the field 1ime to the otber, tbe quantity dés/Vg(s) 1s




integrated along the field line from 125 ks altitude 1o the sorthern bemisphere

to 125 k» altitude in the southern.

£ff
= ds = l —-l—ﬂze d
T ! ngsi vi I c(fe-f) ?

or VET =D -% {/-:ﬁds assuming that fe >» £,
e
D {8 called Disperison ip units (secl/2),

The calculated dispersion is compared vitt; the observed dispersion in
Figure 5. Ve as=ume two different values for the electron density in the
F-layer valley 1 x 103 el/cm3 and 2 x 10% el/ce3 which produce two different
curves for the dispersion as a function of rocket altitude. The assumption of
ac F-layer valley electron density of 1 x 103 el/om3 produces values which
agree well with observed dispersions. There is a suggestion from the data
above 350 ke that a alightly ssaller valus (20 §) of electron density in the F-

layer valley wouwlé be appropriste.
Conclusions

Using whistler dispersion measuraments wve have verified an ionospheric
nodel of electron density at 0500 LT and set the value of electron density
vithin the F-layer valley to be slightly szaller than 1 x 103/ca3 for magnetic
field lines which intersect the equator at higher altitudes, The results are
consistent with other in situ measurements which imply electron densities 4n
the P-layer valley at the magnetic equator of the order ,103 at earlier local
tines. (McClure ot al., 1977; NMorse et al., 1977, Narcisi apd Ssuszczevics,
1981).

At earldler local times (1900-2300) there are indfcations that the electron
density at F-region valley altitudes (100-50 kn) cad bo a8 high a3 2 ~ 3 X

250
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10%1/ca3. These density values wers measured in-aitu by rocket-borne disc
prodes and a Bennett ion mass spectrameter during the Brarilian Jonospheric
Modification Experiment (BIME) conducted at Natal, Brazil in Septemder, 1982
(Narcisi and Haerendel, 1983). When these measured valley densities were
inciuded in flux-tube integrated Pedersen conductivity and electron content
calculations, it was found that there was a significant increase in instability
grovth tipes, suggesting that the lack of observed, naturally-occurring
equatorial plasmas depletions may be related to the relatively high electron
densities within the valley region (Anderson, 1983).

To determine whether or not whistler observations might be & way of
"remotely® sernsing the electron density wvaluss within the valley region during
the 1900 to 2300 LT period, we have salculated dispersion values as a function
of altitude at the magnetic equator at 2000 LY instead of 0500 LT. The same
two valley electron dersity values were c.houn, 1 x 103el/0m3 and 2 x
10'01/&3. and the same input parsssters discussed above vere incorporated,
Figure € presents tbe calculated dispersion profiles for these two cases as
well as the calculated electron density profile at the magnetic equator. The
post-sunset enbarcement in upward EXB drift 1s responsible for lifting the F
layer so that the valley region at the equator is below 350 km at this local
time,

At the bottom of the F-layer (350 km) the difference in dispersion is
appreciable. Assuring a valley density of 1 x 103¢1/0m3 gives rise to a
dlepersion of 2 sec'/2 while an assumed value of 2 x 10%1/ca3 yields a
dispersion of 6.4 secl/2, with ipcreasing asltitude the dispersion valuss
dnorease because both the electron density and the Jength of the gecmagnetic
field line are incressing. The difference detween the two disperaion values,

bowever, decreases decause tbe valley densities contridute less and less to the

Cend ~ Y T L




total field lins-integrated density. It appears therefore, that a rocket
launch near the magnetic equator in the post-sunset time period seapuring both
VLY vaves and in-situ slectrop densities would be adle to determine "remotely®
valley densities associated with the field lines it is intersecting. Such a
capability would help establish instadility growth-rates and determine whether

in fact high valley densities are a detriment to equatorial bubble formation.
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" Pigure Captions

h Pigure 1. A schematic diagram showing the relation between the sounding rocket - 3
payload and a whistler propagating parallel to the magnetic field. The ]
payload would observe whistler dispersions associated with 1/2, 3/2,

t | 5/2,...0f a full magnetic field lipe length. .

g

Pigure 2. An exaxple of one of nine multiple-bop whiatlers observed by the
sounding rocket payload 34.010.
h Figure 3. Vertical ionospheric drift velocities at the magnetic equator as a -

' function of looal time.

a N .—-‘_t;k N

Figure A. The model donospheric electron densities are compared to JRO

measurepents at 0200 LT ané to Buancayo foF, measurements at 0500 LT. ' - ' ' —
FPigure 5. The calculated dispersion for the model ionosphere using two assusied = ~
values for the P layer valley (2 x 10%cmd and 1 x 103/cm3) compared to
the dispersions measured on the sounding rocket payload 34.010.
Figure 6. Calculated whistler dispersion profiles for equatorial ionospheric
conditions typical of 2000 LT assuming two different values for -t.hc

F-layer valley electron density (1 x 103/cm3 and 2 x 10%/¢ca3).
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